It has been shown previously that inactivation of the cshA gene, encoding a major cell surface polypeptide (259 kDa) in the oral bacterium Streptococcus gordonii, generates mutants that are markedly reduced in hydrophobicity, deficient in binding to oral Actinomyces species and to human fibronectin, and unable to colonize the oral cavities of mice. We now show further that surface fibrils 60.7 ؎ 14.5 nm long, which are present on wild-type S. gordonii DL1 (Challis) cells, bind CshA-specific antibodies and are absent from the cell surfaces of cshA mutants. To more precisely determine the structural and functional properties of CshA, already inferred from insertional-mutagenesis experiments, we have cloned the entire cshA gene into the replicative plasmid pAM401 and expressed full-length CshA polypeptide on the cell surface of heterologous Enterococcus faecalis JH2-2. Enterococci expressing CshA exhibited a 30-fold increase in cell surface hydrophobicity over E. faecalis JH2-2 carrying the pAM401 vector alone and 2.4-fold-increased adhesion to human fibronectin. CshA expression in E. faecalis also promoted cell-cell aggregation and increased the ability of enterococci to bind Actinomyces naeslundii cells. Electron micrographs of negatively stained E. faecalis cells expressing CshA showed peritrichous surface fibrils 70.3 ؎ 9.1 nm long that were absent from control E. faecalis JH2-2(pAM401) cells. The fibrils bound CshA-specific antibodies, as detected by immunoelectron microscopy, and the antibodies inhibited the adhesion of E. faecalis cells to fibronectin. The results demonstrate that the CshA polypeptide is the structural and functional component of S. gordonii adhesive fibrils, and they provide a molecular basis for past correlations of surface fibril production, cell surface hydrophobicity, and adhesion in species of oral "sanguis-like" streptococci.
Streptococci are found at most sites in the oral cavity (9) and are among the predominant bacteria in early dental plaque (34) . The growth and survival of streptococci within the oral cavity are dependent, at least in part, on the adhesion of bacteria to oral surfaces coated with salivary proteins and glycoproteins, to host epithelial cells, and to other adherent bacteria such as Actinomyces species (24) . The list of identified streptococcal cell surface molecules that serve as adhesins continues to grow (24) , which emphasizes both the multiplicity of bacterium-host interactions and the molecular complexity of the streptococcal cell surface.
Several species of oral streptococci elaborate cell surface structures such as fibrils and fimbriae (12) . Most strains of Streptococcus gordonii and Streptococcus sanguis produce fibrils between 50 and 80 nm long (12, 43) . Fibrils are nearly always peritrichous and vary from being sparsely to densely distributed according to strain (12) . Some strains of Streptococcus oralis and S. sanguis also produce tufts of fibrils (12, 20) , which may appear as longer (up to 200-nm) fibrils projecting through a fringe of shorter fibrils (12) . The presence of fibrillar structures on the surfaces of S. gordonii and S. sanguis has been linked to their cell surface hydrophobicities (8, 10) , abilities to coaggregate with other oral bacteria (12) , and adhesion to saliva-coated hydroxylapatite (5, 10, 14, 33) . However, it has proved difficult to ascribe adhesive functions to specific surface structures on "sanguis-like" streptococci, and the protein components of these adhesive fibrils remain uncharacterized.
In Streptococcus salivarius HB, four distinct classes of fibrils that differ in length and composition are present (40) . Two of these fibril classes have been isolated from cells, and their structural and adhesive properties have been investigated. Short fibrils, 91 nm long, are comprised of a 320-kDa polypeptide designated antigen B (AgB) and mediate interbacterial coaggregation with Veillonella species and other gram-negative oral bacteria. Shorter fibrils, 72 nm long, contain a glycoprotein with an apparent molecular mass of 220 to 280 kDa and are involved in the adhesion of bacteria to host surfaces (40, 41) . To investigate the structural and functional properties of long fibrils present in tufts on a related bacterium, S. oralis CN3410, Jameson et al. (20) identified several fibril protein components with molecular masses ranging from 260 to 290 kDa. However, no evidence was obtained to demonstrate that these proteins had an adhesive function, suggesting that the structural components of the long fibrils may not themselves contain the adhesive epitopes (20) .
Recently, genes that encode proteins believed to be intimately linked with the production of surface structures have been identified in Streptococcus parasanguis and S. gordonii. Expression of fap1, encoding a polypeptide with a molecular mass of approximately 200 kDa, is required for the production of surface fimbriae in S. parasanguis FW213 (46) . Afimbrial isogenic fap1 mutants are deficient in adhesion to saliva-coated hydroxylapatite but are unaffected in cell surface hydrophobicity (46) . In S. gordonii, expression of the cshA gene, encoding a 259-kDa wall-anchored polypeptide, is associated with the presence of surface fibrillar material (28) . Isogenic cshA mutants are deficient in binding to human fibronectin (31) and also to Actinomyces naeslundii and S. oralis cells (31, 32) , although the nature of the receptor(s) on these cells has not yet been determined. In contrast to the observations for isogenic fap1 mutants of S. parasanguis, cshA mutants of S. gordonii show much-reduced surface hydrophobicity, while their ability to adhere to saliva-coated hydroxylapatite is unaltered (31, 32) . It seems likely that fap1 and cshA genes are unrelated, based on sequence comparisons and on the observations that CshA antibodies do not react with cells or cell extracts of S. parasanguis (30) .
Previous evidence therefore has implicated CshA as a surface protein associated with fibril production in S. gordonii. To confirm a structural role for the CshA polypeptide in fibrils, and to better characterize the functional properties of the polypeptide, we have expressed CshA on the surfaces of Enterococcus faecalis cells. In this article we show that the CshA polypeptide assembles to form fibrils on the enterococcal cell surface. These fibrils are morphologically identical to S. gordonii surface fibrils, and they confer on E. faecalis the hydrophobic properties and adhesive functions previously attributed to CshA based on gene inactivation and antibody inhibition experiments in S. gordonii.
MATERIALS AND METHODS
Bacteria and media. The bacterial strains and plasmids used are listed in Table  1 . Streptococci, enterococci, and A. naeslundii T14V were grown at 37°C on Trypticase soy broth-yeast extract (TSBY) agar (25) in a GasPak System (BBL Microbiology Systems, Cockeysville, Md.). Liquid cultures were grown without shaking in screw-cap tubes or bottles at 37°C in TSBY or tryptone-yeast extract (TY)-glucose medium (25) . Escherichia coli HB101 (1) was grown aerobically at 37°C in Luria-Bertani (LB) medium (37) or on LB medium supplemented with 15 g of agar per liter. Erythromycin (1 g/ml, for S. gordonii) or chloramphenicol (5 g/ml for S. gordonii or E. faecalis; 20 g/ml for E. coli) was incorporated into the growth medium where required.
DNA manipulations. Routine molecular biology techniques were performed as specified by Sambrook et al. (37) . Plasmid DNA was isolated, by using a commercial kit (Qiagen, Inc., Chatsworth, Calif.), from spheroplasts of E. faecalis generated by digestion of cell walls with mutanolysin (4) and lysozyme (0.2 mg/ml) in an osmotically supported buffer (4). Chromosomal DNA was isolated from S. gordonii as described previously (21) . The generation of electrocompetent E. faecalis cells, and their transformation with plasmid DNA, was performed by the method of Cruz-Rodz and Gilmore (2) . Briefly, enterococcal cells were grown at 37°C for 18 h in M17 medium (Difco Laboratories, Detroit, Mich.) containing 0.5 M sucrose and 5% (wt/vol) glycine. Bacteria were harvested, washed, and suspended in electroporation buffer (1 ml) as described previously (2) . Portions (0.04 ml) of the cell suspension were subjected to an electric pulse (peak voltage, 2.5 kV; capacitance, 25 F; resistance, 200 ⍀) with up to 0.1 g of DNA. Following incubation at 37°C for 2 h, recovered cells were plated onto SR agar (2) containing chloramphenicol, and plates were incubated at 37°C for 2 days. Restriction and modifying enzymes (from New England Biolabs Inc., Beverly, Mass.) were used under the conditions recommended by the manufacturer.
PCR amplification. The entire cshA gene and upstream sequences were amplified by PCR with synthetic oligonucleotides (DNA Express, Colorado State University, Fort Collins, Colo.) derived from the nucleotide sequence of cshA (GenBank accession no. X65164). To facilitate cloning of the cshA PCR product into pAM401, the nucleotide sequence at the 5Ј end of each primer was modified to introduce a unique restriction site (underlined below) not present in the amplified DNA. The primer pair that comprised SMAP1 (nucleotides 240 to 266, cshA locus), 5ЈCTGCCCGGGATCGTGACTATCTATTTG, and CTERM2 (complementary to nucleotides 8298 to 8324), 5ЈTTGTCTAGAATACAGGAC AGAAAACCC, generated a product of 8,084 bp following PCR with Taq and Pwo polymerases (Expand High Fidelity System; Boehringer, Mannheim, Germany) under the following cycle conditions: 94°C for 2 min (1 cycle); 94°C for 15 s, 64°C for 30 s, and 68°C for 8 min (10 cycles); 94°C for 15 s, 64°C for 30 s, and 68°C for 8 min, plus 20 s of ramping per cycle (20 cycles); and 68°C for 20 min (1 cycle). The PCR product was purified by using a Qiaquick PCR purification kit (Qiagen), digested with SmaI and XbaI, and ligated with the compatible ends of pAM401 produced by digestion with a combination of EcoRV and XbaI.
Electron microscopy. Early-stationary-phase cells from cultures in TSBY medium were harvested by centrifugation (10,000 ϫ g, 2 min) and washed twice in sodium cacodylate buffer (0.2 M [pH 7.3]). Cells were fixed and stained with ruthenium red (RR) and osmium tetroxide as described elsewhere (13) . Samples were then embedded in Procure 812 resin, and sections were cut on a ReichertJung Ultracut E microtome and examined by using an Akashi EM-002A transmission electron microscope (TEM). For negative staining, bacterial cells were harvested by centrifugation as before, washed three times by suspension in distilled water and centrifugation, and suspended in 1/100 volume of distilled water. A drop of bacterial-cell suspension was applied to a Formvar-coated copper grid (400 mesh; Agar Scientific, Stansted, United Kingdom) that had been carbon coated in a coating unit (Nanotech, Manchester, United Kingdom) and plasma glowed in a plasma barrel etcher (model PT 7150; Fisher Scientific UK, Loughborough, United Kingdom) to render the grid surface hydrophilic (12) . Bacteria were then negatively stained with 1% (wt/vol) methylamine tungstate (Sigma Chemical Co., Poole, United Kingdom) and viewed in a Philips 201 TEM.
Bacterial cells were prepared for immunogold labeling by using a modification of the method of Willcox et al. (44 20) , and suspended to 1/100 volume in TB solution. Single drops of cell suspension were placed onto carbon-and Formvar-coated nickel grids, excess moisture was removed by absorption, and the grids were inverted onto drops (25 l) of rabbit antiserum (31) diluted 1:10 in TB buffer and incubated at the ambient temperature for 30 min. Grids were then inverted onto drops of TB buffer, sequentially washed five times, and then applied to drops of 10-nm-diameter gold-anti-rabbit immunoglobulin G (IgG) conjugate (Sigma) diluted 1:10 in TB buffer and incubated at the ambient temperature for 30 min. Grids were washed as before, and cells were negatively stained with 1% (wt/vol) methylamine tungstate and then viewed in a Philips 201 TEM. Control grids were prepared for each strain: these were taken through the entire process, except for the incubation with primary antibodies, to test for nonspecific binding of the gold probe to the cell surface.
Hydrophobicity, adhesion, and aggregation assays. Cell surface hydrophobicity was measured by hexadecane partition assay (21) . A bacterial-cell suspension (2.5 ml; 4 ϫ 10 8 cells/ml) was vortex-mixed with hexadecane (0.25 ml) for 30 s, the suspension was allowed to stand for 10 min, and hydrophobicity was expressed as the percentage of total cells removed from the aqueous phase. The extent of autoaggregation of cells in early-stationary-phase cultures in TY-glucose medium was estimated as described previously (28) . Bacterial adhesion to human fibronectin immobilized onto microwells was determined as previously described (25, 31) . Bacterial-cell coaggregation with A. naeslundii was estimated by using a modification of the visual assay of Kolenbrander and Andersen (26) . Bacterial cells from early-stationary-phase cultures in TSBY medium were harvested by centrifugation (6,000 ϫ g, 4°C, 10 min), suspended in TBSC buffer (10 mM Tris hydrochloride [pH 7.6] containing 0.15 M NaCl and 5 mM CaCl 2 ), washed twice, and suspended in TBSC buffer at an A 600 of 5.0 (approximately 1 ϫ 10 10 streptococcal cells/ml or 5 ϫ 10 9 Actinomyces cells/ml). Equal volumes of suspensions of each cell type were vortex-mixed in a glass tube for 20 s, the tube was allowed to stand at the ambient temperature, and the formation of coaggregates was assessed visually after 10 min. Coaggregation scores were assigned as follows: 4 (maximum coaggregation), formation of large clumps that settled immediately, leaving a clear supernatant; 3, formation of large coaggregates that settled but left a slightly turbid supernatant; 2, formation of definite (17) by using antibodies raised to a recombinant fragment of CshA polypeptide purified from E. coli and comprising the N-terminal 844 amino acid residues of mature CshA polypeptide (31) . Inhibition by antibodies of enterococcal-or streptococcal-cell attachment to fibronectin was measured as previously described (31) .
Analysis of bacterial proteins. Cell wall-associated polypeptides were extracted from early-stationary-phase streptococcal cells following mutanolysin treatment in the presence of osmotic stabilizing buffer (4). Lysozyme (0.2 g/ml) in addition to mutanolysin was used for the extraction of wall-associated proteins from intact enterococcal cells. Proteins were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) on 8% (wt/vol) acrylamide gels and were transferred to Hybond-C nitrocellulose membranes (Amersham Corp., Arlington Heights, Ill.) by electroblotting (27) . Nitrocellulose blots were incubated with antiserum diluted 1:500, and antibody binding was detected by using peroxidase-conjugated swine immunoglobulins to rabbit IgG as described elsewhere (23) .
RESULTS
Surface structures on S. gordonii. Electron microscopic analysis of negatively stained cells of S. gordonii DL1 (Challis) indicated that these carried sparsely distributed fibrils, present on approximately 35% of cells within a population from earlystationary-phase cultures. The fibrils had no accurately measurable width but projected 60.7 Ϯ 14.5 nm away from the cell surface (Fig. 1A ). Fibrils were peritrichous and were usually more visible on the half of the dividing cell farther away from the septum. Previous work has suggested that CshA comprises, at least in part, the fibrillar material that is present on the surfaces of S. gordonii DL1 cells and that is visualized by electron microscopy of sections stained with RR and osmium tetroxide (27) . In support of this suggestion, peritrichous fibrils were observed on negatively stained preparations of S. gordonii OB271 cshB2 cells, in which expression of the structurally related but functionally independent cshB gene is inactivated (31, 32) (data not shown). On the other hand, cells of isogenic S. gordonii OB277 cshA31 cshB2, which express neither CshA nor CshB proteins, were devoid of cell surface fibrils (Fig. 1B) and exhibited completely smooth surfaces.
To show that the fibril structures were comprised of CshA, S. gordonii DL1 cells were reacted with antibodies specific to the N-terminal region of recombinant CshA polypeptide, and antibody binding was detected with gold-conjugated secondary antibody. Gold particles were found to be distributed over the entire cell surface and often showed a higher density on one half of the dividing cell (Fig. 1C) . Gold particles extended away from the cell surface to an average distance, measured around the cell circumference, of 61.0 Ϯ 19.2 nm, a measurement correlating well with that calculated for the average length of fibrils (see above). Fibril structures could not be discerned underneath the gold particles (Fig. 1C) , possibly because bound antibodies obscured the very thin fibrils. Occasionally it was possible to see discrete fibrils on immunogold-labeled cell preparations (Fig. 1D ) to which gold particles had not bound.
Expression of CshA on the surface of E. faecalis. To corroborate the evidence suggesting that S. gordonii DL1 fibrils are composed of CshA polypeptide, and to determine the adhesive functions of CshA ex vivo, the entire cshA gene was cloned and expressed in E. faecalis JH2-2. This enterococcal strain is readily electrotransformable, exhibits minimal cell surface hydrophobicity and coaggregation with A. naeslundii cells, and shows low-level binding to fibronectin. A DNA fragment (8,084 bp) containing the entire cshA open reading frame (7,527 bp) was amplified by high-fidelity PCR. The sequence 5Ј to the start of the cshA coding sequence comprised the entire intergenic region between the upstream aldB gene and the start of cshA, and it included the aldB transcriptional terminator and cshA promoter with conventional Ϫ10 and Ϫ35 sequences (29) . The sequence 3Ј to the cshA stop codon (240 bp) carried the cshA transcriptional terminator (Fig. 2) . PCR products were cloned into the E. coli-E. faecalis high-copy-number shuttle vector pAM401 (45) , amplified in E. coli by one passage only because of product toxicity, and then introduced into E. faecalis JH2-2 by electroporation with selection for chloramphenicol resistance. Transformants were screened for plasmids of the predicted size, and plasmids from a number of transformants were isolated and restriction enzyme mapped. One representative transformant, designated strain OB516, was selected for further characterization.
To quantify the relative level of CshA cell surface expression by E. faecalis OB516, intact cells were applied to microtiter plate wells and reacted with N-terminal CshA-specific antibodies in an ELISA. The reactivity of E. faecalis JH2-2 cells carrying pAM401 vector alone with these antibodies was negligible, while E. faecalis OB516 cells reacted strongly with the antibodies, demonstrating cell surface expression and exposure of N-terminal CshA epitopes ( Table 2 ). The ELISA value for E. faecalis OB516 cells was 20% greater than that for an equivalent number of S. gordonii DL1 cells (Table 2) , while S. gordonii OB235 cshA3 cells demonstrated Ͻ3% of wild-type reactivity ( Table 2) . Western blots of cell wall protein extracts prepared from enterococcal strains and reacted with CshAspecific antibodies revealed that E. faecalis OB516 cells carrying pAMCshA expressed a major protein band with an apparent molecular mass of 250 kDa that was absent from extracts of vector-alone controls (Fig. 3) . This material was extracted from E. faecalis OB516 cells in significant amounts only following the incubation of cells with murolytic enzymes, implying covalent linkage of the CshA polypeptide to cell wall peptidoglycan. The major CshA antibody-reactive band in E. faecalis extracts migrated similarly in SDS-PAGE to CshA polypeptide from S. gordonii DL1 (Fig. 3) . However, heterologously expressed CshA appeared to be subject to more proteolytic degradation within enterococcal cell wall protein extracts than in the corresponding streptococcal extracts (Fig. 3) .
Phenotypic properties of E. faecalis expressing CshA. S. gordonii DL1 cells autoaggregate extensively in TY-glucose-grown cultures, while S. gordonii OB235 cshA3 mutant cells show much-reduced autoaggregation (Table 2 ). This CshA-associated autoaggregative property was conferred upon E. faecalis JH-2 cells expressing CshA, with 18-fold-increased autoaggregation of E. faecalis OB516 over control E. faecalis OB513 cells carrying pAM401 (Table 2) .
Other phenotypic properties attributed to cshA gene expression in S. gordonii DL1 include cell surface hydrophobicity, binding to oral Actinomyces, and adhesion to fibronectin (see Introduction). Accordingly, the hydrophobic and adhesive properties of E. faecalis OB516 cells expressing CshA were compared with those of E. faecalis OB513 controls. In a hexadecane partition assay, approximately 1% of E. faecalis OB513 cells adsorbed to the organic phase, compared with 35% of E. faecalis OB516 cells, showing the latter to be much more hydrophobic (Table 2) . CshA expression by E. faecalis OB516 also promoted fibronectin binding, with a 2.4-fold increase in the numbers of E. faecalis OB516 cells adhering to human fibronectin compared with E. faecalis OB513 control cells (Table 2). Antibodies reactive with the N-terminal region of CshA specifically inhibited the adhesion of E. faecalis OB516 cells to fibronectin in a dose-dependent manner (Fig. 4) , from 58.3% inhibition (at a 1:30 antibody dilution) to 21.2% inhibition (at a 1:120 dilution). The antibody inhibition profile for E. faecalis OB516 cells was almost identical to the profile obtained for VOL. 181, 1999 S. GORDONII CshA ADHESIVE FIBRILS 3089
on August 27, 2017 by guest http://jb.asm.org/ inhibition by the same antibody of S. gordonii DL1 binding to fibronectin (Fig. 4) (31) . Further, expression of CshA by E. faecalis OB516 imparted to enterococci the ability to coaggregate with A. naeslundii T14V cells (Table 2 ). Inactivation of cshA in S. gordonii leads to only a partial reduction in the coaggregation of streptococci with Actinomyces (Table 2 ) because the reaction is multimodal (31) . These coaggregation assays were not affected by autoaggregation properties of the streptococci or enterococci, since buffer-washed cells suspended in coaggregation buffer did not autoaggregate significantly over the course of the experiments.
Surface structures on E. faecalis. Electron micrographs of thin sections of E. faecalis JH2-2 cells, or of OB513 cells carrying pAM401, showed the presence of a dense and compact surface layer, approximately 20 nm thick, that stained with RR and osmium tetroxide (Fig. 5A) . Cells of E. faecalis OB516 expressing CshA also produced this densely staining layer, but in addition a peritrichous fringe of fibrillar material, emanating approximately 50 nm from the cell wall, was visible (Fig. 5B) .
Negatively stained E. faecalis JH2-2 cells do not show the presence of surface fibrils, although 1 to 2% of cells in a population carry long fimbriae 3 to 4 nm wide (11) . By con- trast, when viewed following negative staining, 60% of E. faecalis OB516 cells from early-stationary-phase cultures carried surface fibrils (Fig. 5C and D) . The mean length of these fibrils was 70.3 Ϯ 9.1 nm, and there was no statistically significant difference between this length and that of S. gordonii fibrils (P Ͻ 0.05). Fibrils were carried by a greater proportion of E. faecalis OB516 cells than of S. gordonii DL1 cells, and the fibrils were of greater surface density on the enterococci (compare Fig. 5C and 1A) . For E. faecalis OB516 cells undergoing cell division, fibrils were more densely located towards the ends of the cells and few could be visualized in the growing equatorial region of new cell wall (Fig. 5D) .
When E. faecalis OB516 cells expressing CshA were reacted with CshA-specific antibodies, a range of distribution patterns of gold labeling was observed. For example, newly divided cells were labeled on one side only of the nascent septum (Fig. 6A) . By contrast, on dividing cells that had started to show elongation, gold labeling was restricted towards the ends of the dividing cells (Fig. 6B) . Gold particles were evenly distributed over the surfaces of cells that were not apparently undergoing wall growth (data not shown). Gold-conjugated antibodies bound material to a distance of 61.2 Ϯ 12.2 nm from the cell surface; this distance was not statistically different (P Ͻ 0.01) from the distance measured for gold-labeled CshA fibrils on S. gordonii DL1 cells. It was difficult to discern surface fibril structures on E. faecalis cells that had been incubated with antibodies, and as in S. gordonii (Fig. 1C) , fibrils could not be resolved when gold particles were bound to them (Fig. 6 ).
DISCUSSION
Oral streptococci express multiple adhesins that enable them to adhere to the complex macromolecular surfaces present in the human oral cavity and to colonize ecologically diverse sites. A number of the adhesive properties of S. gordonii have been attributed to expression of the antigen I/II polypeptides designated SspA and SspB which bind salivary glycoproteins, collagen, and other oral bacterial cells, including A. naeslundii and Porphyromonas gingivalis (3, 4, 18, 24) . The SspB polypeptide exhibits salivary-protein binding properties when expressed on the surface of E. faecalis (3), while presentation of the SspA and SspB polypeptides in active form on the acid residues) ; NR, nonrepetitive region (residues 42 to 878); R, amino acid repeat block region (residues 879 to 2417); A, cell wall anchor (residues 2418 to 2508); aa, amino acids; P, promoter; ⍀, rho-independent transcriptional terminator. oralis (31, 32) , has not previously been purified or expressed heterologously in active form. Recombinant fragments of CshA comprising the N-terminal nonrepetitive region or the C-terminal amino acid repeat block region have been expressed and purified from E. coli but do not exhibit binding properties in vitro (31) . This has led to the suggestion that the adhesion properties of CshA depend on correct folding of the native protein into an active conformation (31) . This assumption is borne out by the results now presented in this article, which demonstrate that CshA polypeptide indeed contains the complete structural information for fibril formation, as well as for the functional properties of adhesion. CshA has been demonstrated to be a cell wall-anchored protein and to be linked to cell wall peptidoglycan via a Cterminal anchor region (27) . Although there are a number of potential N-glycosylation sites within the primary sequence (32) , it is unlikely that native CshA is extensively glycosylated, because it migrates upon SDS-PAGE at an apparent molecular mass close to that predicted from the amino acid sequence. The N-terminal nonrepetitive sequence region (93 kDa) of CshA, which is surface exposed and bound by N-terminal CshA-specific antibodies, is predicted to adopt a mainly ␣-helical structure (30, 32) . By comparison, the M6 (Emm6.1) protein of Streptococcus pyogenes has a molecular mass of approximately 45 kDa and is expressed as an ␣-helical coiled-coil dimer that extends 50 to 60 nm from the streptococcal-cell surface (6) . Thus the measured external fibril length of 61 nm could be easily accounted for by the 259-kDa CshA polypeptide. However, while the N-terminal region of CshA is predicted to be predominantly ␣-helical, it does not demonstrate the periodic distribution of hydrophobic amino acid residues consistent with the formation of a coiled coil. The extensive C-terminal amino acid repeat block region of CshA, comprising 13 repeats of 101 amino acid residues rich in proline and glycine, may, on the other hand, adopt an extended and elastic conformation (32) . This C-terminal region, though, has not yet been shown to carry any adhesive function, aside from being implicated in conferring surface hydrophobicity (30) . It seems likely, therefore, that the C-terminal region is necessary for presentation of the CshA adhesive functions which have been localized to the N-terminal region (31) .
Streptococcal fibrils have an ill-defined width that is much less than that of 10-nm-diameter gold particles. Thus, a sufficiently detailed analysis by immunogold-labeling techniques of the CshA domains that are cell surface accessible may be precluded by steric considerations. It is interesting, however, that for streptococci and enterococci expressing CshA, N-terminal reactive antibodies bound by the gold-conjugated secondary antibodies were visualized at a distance of 60 to 70 nm from the surface. This distance from the surface correlates with the ends or tips of the fibrils calculated from fibril measurements on negatively stained micrographs of cells. Closer examination of negatively stained fibrils on E. faecalis OB516 cells expressing CshA suggests that many fibrils have a globular region at their tips ( Fig. 5C and D) . Similar globular ends were noted in micrographs of the purified fibrillar proteins AgB and AgC of S. salivarius (41) . We speculate, therefore, that the globular ends comprise the N-terminal nonrepetitive region of CshA containing the primary adhesion-mediating sequences held distal from the cell surface. We are attempting currently to generate recombinant N-terminally truncated CshA molecules to test this hypothesis.
CshA fibrils expressed on the surface of S. gordonii or E. faecalis usually exhibited asymmetric distribution over the cell surface. Fibrils, and bound antibodies to CshA localized by gold labeling, tended to be more densely associated with the ends of cells (corresponding to older wall) and were sparsely distributed in the region of the septum. This localization pattern for CshA mirrors the distribution patterns for the E. faecalis cell wall-linked aggregation substance proteins Asc10 and Sec10 (35, 39) . In gram-positive cocci, new wall synthesis is proposed to occur at the septal region (16) , so that older wall is present towards the ends of the dividing cells. Upon separation, daughter cell hemispheres comprise one-half new wall and one-half old wall, separated by the nascent cross wall. The asymmetric distribution pattern of CshA on streptococcal and enterococcal cells, with diplococci often being gold labeled on one-half of the cell only (Fig. 6A) , indicates that CshA is inserted into older wall. The cshA gene is expressed maximally in late-exponential-phase cultures of S. gordonii (29) , so as cultures reach stationary phase and cell division slows, CshA protein may become more evenly distributed over the cell surface. Not only are fibrils found distributed asymmetrically on cells, but they are observed on only about 35% of cells in early-stationary-phase cultures of S. gordonii DL1, and those cells that express fibrils demonstrate a range of fibril densities. These observations highlight the heterogeneity within populations of gram-positive cocci with respect to cell surface protein presentation (35) and surface structure production (12) . The frequency of S. gordonii cells within the population carrying fibrils, and individual cell surface fibril densities, must be regulated by a complex control network involving intrinsic as well as environmental factors, some of which modulate cshA gene transcription (29) . Indeed, the greater percentage (60%) of E. faecalis OB516 cells producing fibrils, and the somewhat higher densities of fibrils on these cells, could be accounted for by increased levels of CshA expressed from the plasmid-encoded cshA gene in enterococci (see Table 2 ).
CshA-like proteins are produced by S. gordonii, S. oralis, and S. sanguis but not by mutans group streptococci (30) , and surface expression levels of CshA correlate well with streptococcal cell surface hydrophobicity. A spontaneously derived mutant of S. gordonii DL1 with increased cell surface hydrophobicity (22) showed increased expression of CshA (30) and an increased ability to coaggregate with oral Actinomyces (22) . Moreover, nonhydrophobic variants of S. sanguis have been shown to lack surface fibrils (10). Our results therefore provide a molecular explanation for the many previous correlations of hydrophobicity, coaggregation, adhesion, and fibril production in S. sanguis and related streptococci (10, 12, 15, 21, 22, 33, 43, 44) and suggest that levels of cshA gene expression could determine surface fibril density. The data further imply a function for CshA in fibril production and adhesion that is independent of expression of the closely related surface protein CshB in S. gordonii (32) . It is possible that the surface fibrils of S. gordonii to which gold particles did not bind (Fig. 1D) were comprised of CshB. However, there is no evidence that CshB has an adhesive function, and the impaired ability of cshB mutants to bind fibronectin results apparently from reduced expression of surface CshA by these cells (31) . Heterologous protein expression on the surfaces of grampositive bacteria has been used in the development of these organisms as vaccine delivery agents (reviewed in references 7 and 42) and as a means of anchoring biologically active enzymes on surfaces for biotechnological applications (38) . Recently, the binding properties of two related oral streptococcal adhesins expressed in native conformation on the surface of L. lactis have been compared (18) . In this paper, we have now extended the utility of heterologous expression to provide a morphological, as well as a more-detailed functional, analysis of the CshA adhesin. In summary, this high-molecular-mass wall-anchored polypeptide constitutes adhesive fibrils, providing a molecular basis for previous correlations of fibril production, cell surface hydrophobicity, and adhesion amongst the "sanguis-like" streptococci, including S. gordonii and S. sanguis.
